The transcription factor IRF-1 has been implicated in tumor suppression: IRF-1 suppresses cell transformation and mediates apoptosis in vitro. Here we show that the loss of IRF-1 alleles per se has no effect on spontaneous tumor development in the mouse but dramatically exacerbates previous tumor predispositions caused by the c-Ha-ras transgene or by nullizygosity for p53. Grossly altered tumor spectrum, as compared to p53-null mice, was also observed in mice lacking both IRF-1 and p53, and cells from these mice show significantly higher mutation rate. Our results suggest that IRF-1 is a new member of the tumor susceptibility genes.
The transcription factor IRF-1 (interferon regulatory factor-1) was originally identified as a regulator of the interferon (IFN) system (Miyamoto et al. 1988 ). More recent studies using IRF-1-null (IRF-1 −/− ) mice have revealed that IRF-1 has a crucial role in many aspects of host defense: It is essential in IFN-induced antiviral and antibacterial responses Kimura et al. 1994) , in the Th1-type adaptive immune response, and in the development of natural killer (NK) cells (Lohoff et al. 1997; Taki et al. 1997; Ogasawara et al. 1998) .
Accumulating evidence has also suggested that IRF-1 controls tumor susceptibility. Transformed phenotypes of c-myc-or fosB-expressing cells, for example, can be suppressed by ectopic expression of IRF-1 (Tanaka et al. 1994b) . Furthermore, unlike primary mouse embryonic fibroblasts (MEFs) from wild-type mice, MEFs from mutant mice homozygous for IRF-1 deficiency undergo transformation upon expression of an activated form of c-Ha-ras (Tanaka et al. 1994a ). In addition, IRF-1 is essential to DNA damage-induced apoptosis in proliferating T lymphocytes and MEFs expressing an activated form of c-Ha-ras (Tanaka et al. 1994a; Tamura et al. 1995) . Interestingly, IRF-1 also regulates DNA damageinduced cell cycle arrest in collaboration with the tumor suppressor p53 through transcriptional activation of the p21 WAF1/CIP1 gene (Tanaka et al. 1996) . The human IRF-1 gene has been mapped to 5q31.1 (Willman et al. 1993) . Genetic as well as epigenetic alterations in IRF-1 gene expression have been reported in human cancers. Defects in one or both IRF-1 alleles accompanied by deletion or translocation of 5q have been observed in acute leukemia (Willman et al. 1993) . In addition, loss of functional IRF-1 mRNA expression due to skipping of specific exons has been reported in ∼20% of patients with myelodysplastic syndrome (MDS) or overt leukemia developing from MDS ). More recently, frequent loss of heterozygosity at the IRF-1 locus has been reported in human gastric and esophageal cancer patients Tamura et al. 1996) , among whom an inactivating point mutation in the IRF-1 gene was detected on the residual allele in at least one case of gastric cancer (Nozawa et al. 1998) .
Although these observations lend support to the role of IRF-1 in tumor suppression, no systematic analysis has been carried out as to how the loss of IRF-1 affects tumor susceptibility in vivo. Moreover, subsequent to that in traditional tumor suppressor genes, interest has also grown in a class of tumor susceptibility genes that may suppress tumor development by indirect means (Demant 1992; Ghebranious and Donehower 1998; Kinzler and Vogelstein 1998) . On this basis, we considered it valuable to examine to what extent loss-of-function mutation in IRF-1 alleles would affect tumor susceptibility. In this study we investigated the role of IRF-1 in tumor suppression in mice carrying null mutations in IRF-1 alleles (IRF-1 −/− mice), with otherwise wild-type background and with backgrounds predisposed to tumor development owing to either expression of the c-Ha-ras transgene or null mutations in p53 alleles.
Although no tumor development was observed in wildtype littermates (0/625) during the same period (Fig. 1A) , the difference between the two groups was not statistically significant (P = 0.12, Wilcoxon test). These findings thus indicated that the loss of IRF-1 expression per se provides little if any contribution to spontaneous tumor development. The question then arose as to whether the loss of IRF-1 affects tumor susceptibility when combined with other changes in oncogenes or tumor suppressor genes.
In view of our previous finding that IRF-1-deficient MEFs expressing activated c-Ha-ras undergo transformation and become resistant to DNA damage-induced apoptosis (Tanaka et al. 1994a) , we examined the effect of loss-of-function mutation in the IRF-1 gene on tumor development in mice carrying the human c-Ha-ras gene.
IRF-1
−/− mice were crossed with mice carrying five to six copies of normal human c-Ha-ras gene (rasH2 mice; Saitoh et al. 1990 ) to generate rasH2 mice with an IRF-1-null background. All mice were sacrificed at 6 months after birth. Whereas only 7% (2/30) of rasH2 mice heterozygous for the IRF-1 mutation (IRF-1 +/− /rasH2 mice) developed tumors during this period, a total of 44% (12/ 27) of IRF-1 −/− /rasH2 mice developed tumors in various organs, among which angiosarcomas were found most frequently (76%; 19 of 25 tumors; Table 1 ). This tumor spectrum is similar to that described originally in rasH2 mice (Saitoh et al. 1990 ). These results suggest that loss of IRF-1 contributes to tumor development in conjunction with the c-Ha-ras gene in vivo.
We next investigated the relationship between IRF-1 and p53 on tumor expression. One of the best characterized mouse models for tumor suppression, which are notable for spontaneous tumor development, is the p53-deficient mouse (Jacks 1996; Ghebranious and Donehower 1998) . Because IRF-1 cooperates with p53 in regulation of the cell cycle (Tanaka et al. 1996) and both IRF-1 and p53 are essential to oncogene-induced apoptosis (Tanaka et al. 1994a ), we were particularly interested to determine if combined loss-of-function mutations in the IRF-1 and p53 alleles would affect tumor development in any way. That is, if IRF-1 functions only as a mediator in some of the p53 pathways, we would not 
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Cold Spring Harbor Laboratory Press on October 11, 2017 -Published by genesdev.cshlp.org Downloaded from expect superimposition of IRF-1 null mutations to alter tumor susceptibility of p53 −/− mice. To address these issues, we generated mice carrying null mutations for both IRF-1 and p53 alleles (IRF-1 −/− p53 −/− mice). Results showed that whereas only 56% (137/254) of p53 −/− mice showed tumor development within 200 days, tumor incidence increased to 96% (322/335) in IRF-1 (Fig. 1A) . Furthermore, death due to tumors was observed at a much earlier age in IRF-1 −/− p53 −/− mice (Fig. 1A) , and the frequency of multiple tumors in individual mice was increased approximately sevenfold (Fig.  1B) . Moreover, the spectrum of developed tumors was also significantly altered in IRF-1 −/− p53 −/− mice; the incidence of generalized lymphoma, angiosarcoma, and immature teratoma were notably increased, whereas that of thymic lymphoma was decreased (Fig. 1C) . It is noteworthy that the doubly deficient mice developed tumors that were not observed in singly null mice, namely ganglioneuroblastoma and medulloblastoma (Fig. 1C) . Histopathological data for some of these characteristic tumors are presented in Figure 2B -D.
Taken together, the early onset of tumorigenesis, increased tumor incidence, enhanced multiplicity, and notable alteration of the tumor spectrum in IRF-1 −/− p53 −/− mice suggested again that the loss of IRF-1 affects tumor susceptibility in mice. Moreover, the results suggest that IRF-1 manifests tumor suppressor activity in vivo through a mechanism(s) distinct from those for p53; that is, IRF-1 is not hypostatic to p53 in affecting tumor predisposition. It has been reported that IRF-1 −/− mice show several immunological disorders, most notably a severe defect in the development of NK cells (Ogasawara et al. 1998) . It was therefore conceivable that the accelerated tumor development observed in IRF-1
−/− mice may be due to combination of the loss of tumor suppression by p53 and impairment of the IRF-1-controlled tumor surveillance system. To test this possibility, we next generated IRF-1
chimeric mice by aggregation of respective embryos (see Materials and Methods for details), in which the immunological disorders due to IRF-1 deficiency were no longer detectable due to the contribution of cells containing wild-type IRF-1 genes (i.e., p53 −/− cells; data not shown). In these mice, cells more susceptible to tumorigenesis could be assessed by examination of the genotype of the developed tumors. PCR was done to confirm ∼50% chimerism of the two genotypes in peripheral blood leukocytes and tail tissues isolated from these chimeric mice at a stage before any tumor development was detectable, and Southern blot analysis was done at sacrifice to confirm this chimerism in non-tumor-bearing tissues (data not shown). As summarized in Table 2 , of 12 tumors developed in 10 chimeric mice, 9 were found to originate in IRF-1 MEFs formed a significant number of Oua r colonies. Interestingly, the number of Oua r colonies increased approximately fourfold in IRF-1 −/− p53 −/− MEFs (Fig. 3A) .
IRF-1
−/− MEFs also showed a high frequency of Oua r colony formation when treated with N-methyl-NЈ-nitro-N-nitrosoguanidine (MNNG), a DNA alkylating mutagen, whereas wild-type and singly null MEFs showed no significant colony formation (Fig. 3B) . Furthermore, whereas p53 −/− MEFs showed sensitivity to cisplatin in a dose-dependent manner, as reported previ- ously (Hawkins et al. 1996) , this sensitivity was increased further in the IRF-1 −/− p53 −/− MEFs (data not shown). This increase in Oua r colony numbers by cisplatin and MNNG treatment and hypersensitivity to cisplatin in IRF-1 −/− p53 −/− MEFs suggest that IRF-1 may be involved in DNA repair systems in combination with p53, such as nucleotide excision repair, base excision repair, and other repair mechanism by O 6 -methylguanine-DNA methyltransferase (Tanaka and Wood 1994; Sekiguchi et al. 1996) . However, we found no gross alterations in the expression of genes known to be involved in these repair systems by loss of IRF-1 (data not shown); hence, the mechanism by which IRF1 mediates regulation of DNA repair remains to be characterized.
The accumulation of genetic alterations can be augmented by inappropriate regulation of apoptosis and cell growth (Sherr 1996; Evan and Littlewood 1998) . In this context, it is already known that activated IRF-1 −/− T lymphocytes (splenocytes) are resistant to apoptosis upon ␥-irradiation (Tamura et al. 1995) . As expected, IRF-1 −/− p53 −/− splenocytes were also resistant to radiation-induced apoptosis, which occurred normally in p53 −/− splenocytes (data not shown). Next we compared the growth profiles of MEFs among the four genotypes. MEFs grew better in the absence of p53, but loss of IRF-1 showed no significant effect on growth rate in log phase. Interestingly, p53 −/− MEFs showed even higher saturation density when IRF-1 was additionally absent (Fig.  3C) . Thus, the combined loss of IRF-1 and p53 in MEFs results in acquisition of abnormal growth capacity, suggesting that the impairment in cell cycle machinery in p53 −/− MEFs is further affected by the additional loss of IRF-1. The p16
INK4a /retinoblastoma (Rb)-linked pathway has been proposed as a major mechanism of cell cycle regulation that is distinct from the p53-dependent pathway (Sherr 1996; Haber 1997) . However, the expression of p16
INK4a
, CDK4, cyclins D1, D2, and D3, and Rb proteins in MEFs were not significantly altered by loss of IRF-1 (H. Nozawa, unpubl.) , suggesting that IRF-1 regulates the cell cycle through an as yet unknown mechanism(s) distinct from the p16
INK4a /Rb pathways. Obviously, further work will be required to elucidate the mechanism by which IRF-1 deficiency affects tumor susceptibility, by identifying the critical target gene(s) of this transcription factor. Efforts have been made to investigate genes involved in tumor susceptibility by analyzing their genetic changes in various human cancers. Phenotypes in mice mutated for tumor suppressor genes provide further understanding of their roles in tumor development in vivo (Jacks 1996; Ghebranious and Donehower 1998) . Moreover, multiple loss-of-function mutations in these genes can facilitate tumor development, as demonstrated through the generation of mice with compound mutations of genes such as p53, Rb, ataxia-telangiectasia mutated (atm), and adenomatous polyposis coli (Apc) (Williams et al. 1994; Reitmair et al. 1996; Westphal et al. 1997) . In these cases, however, mutation in a single gene (heterozygous or homo- 
a The genotype of each tumor was determined by PCR or Southern blot analysis of the IRF-1 and p53 alleles as described (Matsuyama et al. 1993; Tsukada et al. 1993 ). b Not otherwise specified. 
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Cold Spring Harbor Laboratory Press on October 11, 2017 -Published by genesdev.cshlp.org Downloaded from zygous) induces a cancer-predisposing phenotype (Donehower et al. 1992; Jacks et al. 1992; Barlow et al. 1996) . In addition, many of the tumor suppressor genes appear to be essential for development, as introduction of nullizygosity in these genes causes embryonic lethality (Jacks 1996; Ghebranious and Donehower 1998) . In contrast, the loss of IRF-1 per se does not have an immediate visible effect on tumor development in vivo. Rather, its effect becomes apparent when combined with other genetic abnormalities. It has been demonstrated that a tumor modifier, Mom1, affects the susceptibility of intestinal tumors in mice carrying the Apc Min mutation (Dietrich et al. 1993; Gould and Dove 1997) ; whereas loss of IRF-1 increases tumor incidence of many organs in mice carrying the c-Ha-ras transgene or nullizygosity for p53. In this context IRF-1 may belong to a new class of tumor susceptibility gene. Given that the risk of tumor incidence is increased significantly when IRF-1 is functionally inactivated in combination with other genetic alterations, it is conceivable that the loss of IRF-1 may also be involved in the process of development of human cancers.
Materials and methods

Generation of mutant mice
To generate IRF-1 −/− mice carrying human c-Ha-ras transgenes, IRF-1
mice (Matsuyama et al. 1993) were mated with rasH2 mice (Saitoh et al. 1990 ) to produce IRF-1-null (IRF-1 −/− /rasH2) or heterozygous (IRF-1 +/− / rasH2) mice carrying ras transgenes.
Murine IRF-1 and p53 genes are both located on chromosome 11 (Rotter et al. 1984; Buckwalter et al. 1992) . To generate IRF-1
−/− mice and p53 −/− mice (Tsukada et al. 1993) were crossed, and offspring were mated with C57BL/6 mice to obtain mice carrying a chromosome 11 containing both the targeted IRF-1 and p53 loci in cis-configuration by meiotic recombination. Heterozygous animals were inbred to obtain mice homozygous for the null IRF-1 and p53 alleles. Wild-type, IRF-1 −/− and p53 −/− mice of the same background were used for comparisons.
Generation of chimeric mice
Aggregation chimeric mice were produced according to methods described elsewhere (Nagy and Rossant 1993) 
p53
−/− and wild-type embryos, and p53 −/− and wild-type embryos, respectively.
Histology
Tissue specimens were fixed in 10% buffered formalin, blocked in paraffin, sectioned at 4 µm, and stained with hematoxylin and eosin.
Cell culture and cell proliferation assay Primary MEFs were isolated from embryos at 12-14 days of gestation and maintained as described previously (Tanaka et al. 1994a ). MEFs were plated on 35-mm dishes at passage 4 (1 × 10 5 cells per dish) and cultured. Saturation density was determined as the maximum cell number during 3 weeks of culture.
Mutation frequencies of MEFs treated with mutagens
MEFs were treated continuously with 0.05 µg/ml cisplatin (Sigma, St. Louis, MO) for 72 hr, or 5 µM MNNG (Sigma), for 3 hr and incubated in mutagen-free medium for 6 days. Cells (1 × 10 5 ) were then replated on 100-mm dishes and cultured in DMEM supplemented with 10% FCS containing 3 mM ouabain (Sigma) for 8 weeks.
